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The rapid development of in situ transmission electron microscopy (in-situ TEM) 
has played an important role in the study of nanoscale materials, and in the meanwhile 
provided a novel and powerful way for the study of Nano Electromechanical System 
(NEMS). As one of the important applications of NEMS,  nanomechanical resonator 
are of great interest in the fields of science and engineering because of its small size, 
compact structure, high sensitivity, high resolution, low power consumption, low cost 
and high quality factor. Among a variety of applications of nanomechanical resonators, 
resonant frequency usually determines the sensitivity and accuracy of the system.  
The capability of tuning the resonant frequency of resonators is extremely critical  
for the resonant frequency compensation due to environment’s change or some other  
potential applications. Due to the superior electrical and mechanical properties, 
carbon nanotubes (CNTs) are widely considered an ideal candidate for the fabrication 
of the nanomechanical resonators. In this thesis, we present the study of the CNT 
resonators construction by using in-situ TEM technique available in our group. We 
demonstrate that the resonant frequency and quality factor of the resonator can be 
tuned by several different means. In particular, the reversible, controllable and 
repeatable tuning of resonant frequency can be successfully achieved, and the 
frequency shift can be tuned with a precision of <0.1%. 
The research contents and main results of this thesis are summarized as follows: 
We develop a new way to introduce and eliminate structural defects to carbon 
nanotubes so as to reversibly tune the resonant frequency of CNT resonators. 
Meanwhile, the microscopic defects are directly linked to resonant frequency for the 
first time. The introduction of defects into CNTs is achieved via electron beam 
irradiation, by which the resonant frequency can be significantly reduced in an 
extremely controllable manner. On the other hand, the defects can also be removed 
through joule-heating induced annealing process, which leads to the increase of the 















For the first time, by using electron beam induced deposition (EBID) technique, 
different mass of amorphous carbon are deposited at the tip of nanotubes, which leads 
to the controllable tuning of the resonant frequency of the CNT resonators. 
Furthermore, the tuning precision can be improved by changing the deposition site of 
amorphous carbon on the CNT. Finally, the possible applications of this CNT 
resonator as a nanobalance are also discussed. 
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自 1931年德国学者 Ruska和 Knoll研制成功了世界上第一台透射电子显微镜









































1.3  原位透射电镜技术的发展 

































图 1.2 TEM中物镜上下极靴的示意图。 
 
传统的 STM 设备体积较为庞大，而在 TEM 中，出于成像原理方面的考虑，
物镜的上下极靴之间只留下了很小的一个狭小的空间作为样品室(如图 1.2 所示)，
因此，要将 STM 和 TEM 整合起来，还面临着很大的考验。科研工作者为了解
决这一问题，提出了几种解决方案：其一是设计一个全新的 TEM，将 STM的相
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用了第二种方法。 
Gerber等率先于 1986年将 STM整合到 SEM中，实现了 SEM中的原位测量，
而 STM-TEM 的整合系统，则由 Spence 的小组率先报道。此外，佐治亚理工大
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